Although preclinical studies suggest that garlic has potential preventive effects on cardiovascular disease (CVD) risk factors, clinical trials and reports from systematic reviews or meta-analyses present inconsistent results. The contradiction might be attributed to variations in the manufacturing process that can markedly influence the composition of garlic products. To investigate this issue further, we performed a meta-analysis of the effects of garlic powder on CVD risk factors.
INTRODUCTION 6)
Cardiovascular disease (CVD) is a prominent global public health problem. The etiology of CVD is multifactorial and exemplified by hypercholesterolemia, hypertension and diabetes mellitus (DM). Various major CVD risk factors cannot be controlled, including age, gender and family history. However, CVD is predominantly caused by risk factors that can be controlled, treated or modified, such as cholesterol, high blood pressure (BP) and diabetes [1, 2] .
Allium sativum, commonly known as garlic, is a plant of the family Alliaceae and is widely consumed as a spice in Korea. Garlic contains high levels of organosulfur compounds and flavonoids as well as a variety of compounds that function synergistically to provide various health benefits [3] . The body of evidence on garlic continues to grow, and numerous clinical trials have been published [4] [5] [6] [7] . Animal studies suggest that garlic has potential antilipidemic, antihypertensive, antiglycemic, antithrombotic and antiatherogenic properties [8] [9] [10] . However, clinical trials and reports from systematic reviews or metaanalyses present inconsistent results despite preclinical studies that suggest that garlic has potential preventive effects on CVD risk factors [4] [5] [6] [7] . The contradiction may be attributed to variations the manufacturing process that can markedly influence the composition of garlic products. As a dietary supplement, garlic is available as dehydrated garlic powder, aged garlic extract (AGE), garlic oil (steam-distilled), garlic essential oil (etherextracted) and garlic oil macerate, and each form contains a markedly different set of compounds [38] . Among these garlic products, dehydrated preparations are most commonly used and reportedly contain most of the constituents found naturally in whole garlic. According to a recent meta-analysis of randomized controlled clinical trials, garlic powder appeared to be more effective for reducing LDL cholesterol (LDL-C) in their subgroup analysis of garlic preparation types [4] .
In the present study, we systemically reviewed randomized clinical trials (RCTs) to assess the effects of a garlic powder or dehydrated garlic preparation on CVD biomarkers. Specifically, we examined the effects of these preparations on the classic modifiable Framingham risk measures, including systolic BP (SBP), diastolic BP (DBP), total cholesterol (TC) and LDL-C and HDL cholesterol (HDL-C) [39, 40] . Additionally, given the reciprocal relationship between insulin resistance and cardiovascular risk [41] , we also examined fasting blood glucose (FBG) levels. The effect of other potential confounders, such as the duration of treatment, intake level, subject type and location where the study was performed, were explored in the subgroup analyses.
MATERIALS AND METHODS

Search strategy
The study was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA checklist) [42] . In this analysis, RCTs that included clinical outcomes related to CVD risk factors, such as blood cholesterol, glucose levels and BPs, were eligible. Only garlic powder intake studies were included in this analysis. Databases, such as PubMed, Cochrane, Science Direct and EMBASE, were searched for studies that were published from January 1995 to May 2014 and examined the effects of garlic powder on cholesterol, blood glucose or BP compared with placebo or positive control. The search terms used were Allium sativum and garlic in combination with cardiovascular-related factors, such as cholesterol, blood glucose, BP and blood circulation. The search was limited to human studies published in English, Japanese and Korean. No studies published in Korean or Japanese were identified. A manual search using the reference lists of original articles and recent reviews was also performed. Each publication was independently reviewed, and the relevant information was extracted by two authors (JSK and JYK).
Data extraction and quality assessment
Data were extracted, and quality was assessed independently by two investigators (JSK and JYK) on the basis of the quality assessment tool used for our previous systematic review and the Cochrane Collaboration [43, 44] . This quality rating was based on several criteria related to study design (e.g., use of placebo control versus a non-placebo control group), data collection (e.g., the method of dietary assessment), the quality of the statistical analysis, the type of outcome measured and the characteristics of the study populations (e.g., whether selection bias was present or whether important information about the study subjects, such as age and smoking status, was gathered and reported). We assigned a score from -1 to 1 point for each quality item to yield a score ranging from -20 to 11 for a completely valid study. If the scientific study adequately addressed all or most of the criteria, it received a high methodological quality rating. The risk of bias for this analysis was assessed based on the risk of bias assessment tool for RCTs provided by the Cochrane Collaboration [43] . The risk of bias domains, such as selection bias (random sequence generation and allocation concealment), performance/detection bias (blinding of participants and personnel/blinding of outcome assessment), attrition bias (incomplete data outcome) and reporting bias (selective reporting), were identified [43] .
Statistical analysis
The mean changes in biomarkers from baseline were treated as continuous variables, and the mean difference was calculated as the difference between the means in the garlic powder and the control material supplementation groups. The mean changes were calculated using the methods described in the Cochrane Handbook [43] . Briefly, the mean of the differences was equal to the difference in the means. If information was not available from the study on the standard deviations (SD) of the differences, imputation of standard deviations could be achieved by assuming a particular correlation coefficient. Forest plots were produced to visually assess the changes for each variable and the corresponding 95% confidence intervals (CIs) across the studies. A random-effect model was used to calculate the combined effect size to provide a more conservative estimation. Heterogeneity among the studies was assessed using the I 2 statistic, and considered low if I 2 < 30%, moderate if I 2 = 30-75%, and high if I 2 > 75% [43] . Publication bias was assessed using funnel plots and Egger's regression. Additionally, subgroup analyses were performed to investigate the potential moderator, and the groups were classified according to dosage, duration, subject and location based on median values for continuous variables. To evaluate the influence of each study on the overall effect size, a sensitivity analysis was conducted using the study removal approach. The secondary analysis was limited to studies that demonstrated high compliance; high quality or a placebocontrol design; were published recently; were conducted with dietary management or were supplemented with standardized garlic powder. Furthermore, the relationships between effect size and moderators, such as dose, duration, quality of study, baseline value of risk factor and subject number, were investigated using random effects meta-regression analyses. The statistical analyses were performed using Comprehensive Metaanalysis Version 2.2, Biostat (Englewood, NJ, USA), and a P-value of < 0.05 was considered statistically significant.
RESULTS
Literature search and study characteristics
A total of 1,649 potentially relevant titles and abstracts were identified from searches on PubMed, Cochrane, Science Direct and EMBASE together with other reference sources. Of the 162 articles that were collected as full text and assessed for inclusion, 27 studies met the inclusion criteria for meta-analysis (Fig. 1) . The characteristics of the 27 included RCTs and their quality are described in Table 1 . Twenty-two trials reported sufficient data on TC, 17 trials reported LDL-C data, 18 trials reported HDL-C data, 4 trials reported FBG data, 9 trials reported SBP data and 10 trials reported DBP data (Fig. 1) . The majority of trials employed a parallel study design (n = 26); however, 1 trial used a crossover design. Among the 27 identified studies, 14 [12] [13] [14] [16] [17] [18] 21, [23] [24] [25] 28, 29, 31, 36] reported that the garlic powder used in each trial was standardized to contain 2.5-13 μg/mg allicin or 13 μg/mg alliin, whereas the remaining studies did not provide any information about standardization. The trials ranged from 7 days to one year in duration. The studies were generally from the United States or European countries; five studies were based in Asia, and one was conducted in Australia.
The quality of the trials was generally adequate (score range: -4-7; median score: 0). (Table 1 ). Six trials reported adequate randomization [17] [18] [19] 24, 25, 29] , and all but six trials were double-blind, placebo-controlled trials [11, [14] [15] [16] [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] [29] [30] [32] [33] [34] [35] . Eight trials did not provide information on the dietary intervention [15, 16, 22, 24, 25, 33, 35, 36] . Compliance was assessed and reported as high in 20 trials [11] [12] [13] [14] [17] [18] [19] 21, 22, 24, 25, [27] [28] [29] [30] [32] [33] [34] [35] [36] , and all trials applied adequate statistical analyses.
The effect of garlic powder on CVD risk factors
A total of 22 studies for TC (n = 1,442), 17 for LDL-C (n = 1,083) and 18 for HDL-C (n = 1,123) were reviewed for garlic powder ( Table 1 ). The effects of garlic on the levels of TC, LDL-C and HDL-C are presented in Fig. 2 . Overall, garlic powder intake significantly reduced blood TC and LDL-C by -0. [95% CI, -15.44, -1.16]), respectively. Heterogeneity among the studies on TC or LDL-C levels was observed (I 2 = 97.0 or 68.1%). However, the HDL-C level was not significantly modified by garlic supplementation (P = 0.057).
The mean difference in the reduction of FBG levels between the garlic powder-treated subjects and those receiving control substances was -0.96 mmol/L (95% CI, -1.91, -0.01) (-17.30 mg/dL [95% CI, -34.41, -0.18]) in 4 trials that included 162 subjects. This effect was significant (P = 0.047) with high heterogeneity (I 2 = 97.6%, Fig. 3 ). A total of nine (n = 470) or ten (n = 550) studies were appropriate for the meta-analysis evaluation on whether garlic powder intake reduced SBP or DBP (Table 1) . SBP was reduced by -4.34 mmHg (95% CI, -8.38, -0.29, P = 0.036) with significant heterogeneity (I 2 = 79.3%) in the garlic supplementation group compared with the control group (Fig. 4(A) ). The overall pooled estimate of the effect of garlic powder on DBP was -2.36 mmHg (95% CI, -4.56, -0.15, P = 0.036), and the heterogeneity across studies was significant (I 2 = 65.4%) (Fig. 4(B) ).
Meta-regression
The effect of moderators, such as dosage, intervention duration, quality of study, baseline value or participant number, was analyzed using meta-regression. FBG was not included in these analyses given the limited number of studies. In addition, with regard to the cholesterol metabolism biomarkers, two studies [21, 34] were excluded from the analysis of baseline values for TC, LDL-C and HDL-C due to lack of information. Our meta-regression analyses suggest that the effects of garlic on all of the variables were not moderated by the dosage, duration, quality or baseline value (Fig. 5-8 ). However, participant number was inversely associated with the effect size of LDL-C (slope = 0.004, P = 0.020) and DBP (slope = 0.093, P = 0.006) (Fig. 9) .
Sensitivity / subgroup analyses
We conducted a sensitivity analysis to ascertain whether the results were driven by a single study by sequentially omitting one study at a time (data not shown). No substantial change in the effect of garlic intake on TC, LDL-C, HDL-C, SBP or DBP was noted. In the case of FBG, the effect size was largely decreased after the omission of one study [31] and became non-significant, although between-study heterogeneity was markedly decreased (from 97.6 to 86.1%).
The results of the subgroup analyses are also presented in Table 2 . Garlic supplementation was significantly effective in the reduction of TC levels in both the lower-and higher-dose groups (P < 0.000 and P = 0.018, respectively). In the other subgroups, garlic's effect on TC was significant in studies of longer duration (≥ 84 days, P = 0.006), in subjects with hypercholesterolemia (P = 0.009) and in other types of patients, such as those with type 2 diabetes (P = 0.046) or in non-Asian countries (P = 0.012). In contrast, the studies that were short-term (< 84 days), performed in healthy subjects or performed in Asia did not exhibit these changes. The LDL-C values were more striking in studies that used a lower dose (≤ 800 mg, P = 0.003), were of long-term duration (≥ 84 days, P = 0.012) or involved hypercholesterolemic subjects (P = 0.012). No significant change in HDL-C level was demonstrated in any subgroup for dose, subject and location, however, a small increase in higher-dose groups (≥ 800 mg, P = 0.024) was noted. The net change in SBP for garlic supplements compared with the control material was significant for the trials that were conducted in Europe or America (P = 0.028), administered a daily dose ≤ 800 mg (P = 0.019) and involved populations at high-risk for hypertension (P = 0.002). No significant effects were observed in all of the subgroups categorized by the intervention period. No group stratified by dosage exhibited a significant change in DBP. A significant DBP reduction was observed in the subgroups with a longer intervention duration (P = 0.031), hypertensive patients (P = 0.010) and locations in Europe or America (P = 0.008). FBG subgroup analysis was excluded given the small number of trials.
An additional sensitivity analysis limited to studies that demonstrated high compliance, high quality or placebo-control design; were published recently; were conducted with dietary management or supplemented with standardized garlic powder was performed (Table 3 ). The primary analysis on TC was confirmed, and the heterogeneity was improved in the analysis of high quality trials or supplemented with standardized materials (I Table 3 . Restriction sensitivity and heterogeneity analyses meta-analyses restricted to studies that demonstrated high compliance, were recently published, were supplemented with standardized materials or used garlic powder with a high alliin content. The pooled effects of garlic on HDL-C were not altered when analyses were limited, with the exception of recently published studies. Contrary to the pooled results, the sensitivity test revealed no significant effect on FBG or SBP in all restricted categories.
We conducted an additional analysis to investigate the gender-specific effects of garlic powder on blood lipid values with 2 trials (n = 163) for females and 3 trials (n = 155) for males (data not shown). The effect size of TC was greater in both the female (-0.81 mmol/L [-31.27 mg/dL], P = 0.018) and male groups (-0.72 mmol/L [-27.80 mg/dL], P = 0.000) than in the primary analysis, with improved heterogeneity (I 2 = 0.0). Garlic's effect on LDL-C was significant only in the male group (-0.63 mmol/L [-24.32 mg/dL], P = 0.000), showing low heterogeneity (I 2 = 0.0). However, no significant change in HDL-C level was demonstrated for either gender, which was consistent with the primary analysis. Blood pressure and FBG were not evaluated in the gender-specific analysis, as limited numbers were obtained for this part of the study.
Publication bias
Publication bias was evaluated by funnel plots and Egger's regression test. The plots exhibited a typical funnel shape, and Egger's regression test suggested no evidence of substantial publication bias (P > 0.05) (Fig. 10) .
DISCUSSION
This meta-analysis demonstrated the efficacy of garlic powder intake on CVD risk factors using 27 RCTs that collectively included 1,649 participants. To the best of our knowledge, this meta-analysis is the first to present the finding that garlic consumed as a powder preparation improved multiple CVD risk factors. Garlic powder supplementation significantly reduced blood TC, LDL-C and FBG levels, along with SBP and DBP compared with control substances. Although the HDL-C data did not achieve statistical significance, overall these data support the potential cardiovascular benefits of garlic powder. Garlic contains various sulfur compounds, such as γ-glutamyl-S-allyl-L-cysteines and S-allyl-L-cysteine sulfoxide, which are organosulfur compounds that are processed or metabolized into diallyl sulfide, diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide, ajoene and S-allyl cysteines; these compounds have been shown to exert cardiovascular effects/benefits [45] . Garlic preparations may be categorized as powders, oils, AGE or raw (not processed), and the chemical profile may vary according to these preparation types, including the active compounds. S-allyl cysteine has been identified as the active and stable component of AGE. However, the active component in garlic powder is less well established given that the commonly named allicin, an alliin derivative, is volatile [6, 45, 46] . The strength of our analysis is derived from the meta-analysis that exclusively focused on garlic powder and therefore excluded a major confounder attributed to garlic product preparation variability.
We demonstrated a -0.41 mmol/L (-15.83 mg/dL) and -0.21 mmol/L (-8.11 mg/dL) reduction in blood TC and LDL-C levels, respectively, in subjects who received garlic powder compared with the controls. An elevated blood cholesterol level is one of the major risk factors for CVD. Roberts [47] reviewed evidence regarding the 10 factors identified by the National Cholesterol Education Program (NCEP) and concluded that elevated serum TC levels (> 3.9 mmol/L (150 mg/dL)), specifically an elevated serum LDL-C level, is the only absolute, unequivocal, independent atherosclerotic risk factor. Serum cholesterol levels are frequently used as secondary⁄surrogate outcome measures of CVD disease progression. In the case of blood TC levels, our findings were consistent with those of previous meta-analyses that evaluated the hypocholesterolemic effect of garlic and resulted in an effect size ranging from -0.77 to -0.19 mmol/L (-29.73~-7.33 mg/dL) for the TC level [4, 6, 37] . The results of the sub-analyses of garlic preparations in previous studies support the consistency with which "garlic powder" intake significantly reduced blood TC levels by -0.36 to -0.31 mmol/L (-13.90~-11.97 mg/dL) [4, 6, 37] . Recently, meta-analyses investigating garlic consumption with respect to blood LDL-C or HDL-C levels reported conflicting findings. Ried et al. [4] demonstrated that garlic intake significantly improved these end points, whereas three meta-analyses questioned the robustness of such findings and the reported clinical effectiveness [6, 7, 37] . In contrast to the previous meta-analyses, our metaanalysis exclusively included garlic powder intake to avoid confounders. Furthermore, the amount of garlic powder intake could be compared in the present study. Interestingly, a lower dosage (< 800 mg/day) demonstrated a more profound effect on LDL-C in the subgroup analysis. In agreement with the previous meta-analysis, a longer duration was more effective in improving blood cholesterol levels. This study is the first to conduct a meta-analysis of the effects of garlic powder intake on blood glucose metabolism. In the four included studies in which the subjects had type II DM or hypercholesterolemia, the FBG level was significantly decreased by -0.96 mmol/L (95% CI, -1.91, -0.01; P = 0.047) (-17.30 mg/dL [95% CI, -34.41, -0.18]). Garlic powder supplementation also exerted a small but significant hypotensive effect on both SBP (-4.34 mmHg, P = 0.036) and DBP (-2.36 mmHg, P = 0.036). The effect size for all subjects was -7.7~-4.6 mmHg for the SBP levels and -5.0~-2.4 mmHg for the DBP levels, which were similar to the decreased levels reported in previous metaanalyses [5, 48] . However, the meta-analysis of hypertensive subjects (SBP ≥ 140 mmHg) demonstrated a potent effect size with a -16.33 mmHg decrease for SBP and -9.28 mmHg for DBP [49] . We also observed more profound effect sizes than were observed for the total analysis in our subgroup analysis, which demonstrated a -8.08 mmHg decrease for SBP and -4.40 mmHg for DBP. In agreement with the meta-analysis results of blood lipid levels, the lower dosage group exhibited a higher effect size for SBP; however, the duration of intake did not appear to be a potent moderator of BP levels in the subgroup analysis. Although a significant reduction of LDL-C was observed only in the male group, it is difficult to generalize that garlic is more effective in males than females due to the limited number of study in this analysis.
This systematic review, the most comprehensive to date, included moderate-to high-quality RCTs that investigated the effect of garlic powder on cardiovascular risk factors, such as blood lipids, FBG and BP, thereby allowing for meaningful subgroup analyses by dosage, trial duration and baseline levels.
Certain limitations of this analysis should be noted. Due to the high heterogeneity in meta-analyses, the resulting effect sizes should be interpreted with some degree of caution despite the lack of publication bias. The reason for the heterogeneity was explored using meta-regression, subgroup analyses and sensitivity analyses. However, no factors, such as dose, duration, subject type, location and study quality, significantly changed heterogeneity, implying the presence of additional factors that might explain the high variability between the studies. How a lower dose of garlic powder affects LDL-C and SBP is still unclear. Additionally, a number of trials with short duration or with a limited number of included participants might influence the results of the present meta-analysis. The available data were insufficient to establish conclusive effects on FBG given the inclusion criterion of studies exclusively limited to garlic powder. In summary, the present analysis revealed that garlic powder preparations could be considered a general heart and cardiovascular tonic with cholesterol (particularly LDL-C), FBG and BP regulatory properties. Thus, these preparations might be considered a healthy functional food and a dietary supplement for conventional diets. Because the Korean mean daily intake of garlic powder (1.9 g, which is equivalent to 4.7 g of fresh garlic) covers the effective dosage (0.3 -1.4 g), clinical benefits on ordinary dietary intake of garlic is suggested. However, the 33% of the Korean population whose consumption level of garlic is below the effective dosage should take an additional dietary, garlic supplement. Further trials on the effects of garlic on cardiovascular risk factors should include information on the active ingredients in standardized garlic preparations. Additionally, meta-analyses examining other garlic preparations, such as AGE or garlic oil, and cardiovascular risk factors might be needed to explore the preventive effects of garlic intake.
